Preventing microorganisms from adhering to the denture surface is important for ensuring the systemic health of elderly denture wearers. Silica coating agents provide high hydrophilicity but lack durability. This study investigated solutions to improve the durability of the coating layer, determine an appropriate solid content concentration of SiO2 in the silica coating agent, and evaluate the effect of adding platinum (Pt) and diamond nanoparticles (ND) to the agent. Five coating agents were prepared with different SiO2 concentrations with/without Pt and ND additives. The contact angle was measured, and the brush-wear test was performed. Scanning electron microscopy was used to investigate the silica coating layer. The appropriate concentration of SiO2 was found to be 0.5-0.75 wt%. The coating agents with additives showed significantly high hydrophilicity immediately after coating and after the brush-wear test. The coating agents with/without additives formed a durable coating layer even after the brush-wear test.
INTRODUCTION
Oral microorganisms have been implicated in bacterial endocarditis, aspiration pneumonia, and other systemic diseases 1, 2) . Especially, the morbidity caused by aspiration pneumonia has been recognized as a major geriatric health problem. To prevent these issues, weekly professional oral care and cleaning of dentures (e.g., brushing, ultrasonic irrigation of dentures with a denture cleanser, swabbing of oral tissues with a sponge brush) are highly recommended because they can significantly decrease multiple oral bacterial strains compared to daily chemical disinfection methods 3, 4) .
Candida albicans is a common pathogenic microorganism found on dentures 5, 6) . C. albicans plays an important role in the accumulation and growth of some bacteria 7) . The formation of a C. albicans biofilm is affected by several factors, such as the surface roughness, salivary pellicles, and presence of other microorganisms 8) . Its adherence to dentures also plays a decisive role in provoking various infectious diseases 9) . Thus, preventing the adhesion of pathogenic microorganisms to denture surfaces would be beneficial to elderly patients and caretakers. Modifying the surface of the denture base material has been reported to help resist or reduce microbial accumulation [10] [11] [12] . Additionally, hydrophobic interaction plays an important role in the adherence of C. albicans to denture surfaces 13) . Because both the poly(methylmethacrylate) (PMMA) denture base and C. albicans cell surface are hydrophobic, C. albicans easily adheres to denture bases. Several studies have therefore focused on modifying the denture base to be hydrophilic to prevent hydrophobic interaction 11, 14) . One promising approach is the use of coating materials because these do not change the bulk properties of the denture base material but can modify the surface properties 15, 16) . Although a previous study indicated that a silica coating agent can make the denture base material hydrophilic 17) , the durability of the agent has not been clarified.
In order to tackle these problems, two solutions have been suggested. The first solution is to improve the functionality of coating layer, such as inhibiting the adhesion or durability of oral microorganisms. For instance, the surface can be modified with platinum (Pt) nanoparticles or other nanomaterials that show antibacterial activity 18) . The antibacterial activity of Pt has been known since the work by Rosenberg et al. 19) . Diamond nanoparticles (ND) have been applied in many scientific fields in the past decade to improve the durability and mechanical properties of various kinds of materials 20, 21) . However, the effect of these additives in silica coating agents for dentures is still unclear. The second solution is to establish a new coating procedure. This should be repeatable in a safe manner and usable by denture-wearers and caretakers without requiring any devices. At present, however, there is no coating procedure that can be used by denture wearers or caretakers.
Therefore, the objectives of this study were as follows: 1) To find the appropriate solid content concentration of silica in the coating agent and 2) to evaluate the effect of additives on silica coating agents.
The following null hypotheses were tested: 1) There is no appropriate solid content concentration that enhances the durability of the coating layer and 2) additives in silica coating agents do not affect the hydrophilicity and durability of the coating layer. 
MATERIALS AND METHODS

Materials
Heat-cured acrylic resin specimens (Acron Pink, GC, Tokyo, Japan) were used as the substratum material and were polymerized according to the manufacturer's instructions. Each specimen was prepared to be a uniform size (φ20 mm, 1.5 mm thick) and was polished with a water-cooled automatic lapping device (ML-160A, Maruto, Tokyo, Japan) and silicon carbide papers up to #1000.
The silica coating agents used in this study contained SiO 2 nanoparticles as the main component. In some experiments, Pt and ND nanoparticles (Japan Nano Coat, Tokyo, Japan) were added to the silica coating agents. These nanoparticles were dissolved in methanol. Pt nanoparticles were present in the solvent in colloidal form. ND (Daicel, Tokyo, Japan) were synthesized by detonation. Figure 1 summarizes the experimental setups in this study.
Methods
1. Experiment 1. Solid content concentration 1) Coating procedure and evaluation of coating layer In order to remove contamination, the polished PMMA specimens were washed with 100% methanol twice followed by ultrasonic cleaning in distilled water for 10 min. One group served as the control. Next, each specimen was treated twice with silica coating agents (SiO 2 concentrations: 0.25, 0.50, 0.75 and 1.0 wt%). Table 1 summarizes these conditions. During the initial and second coating procedures, the specimens were dried in a clean dish at room temperature (23°C) for 24 h to remove any solvent interference. To determine the appropriate solid content concentration of the silica coating agent, the hydrophilicity and durability of the coating layer were evaluated by measuring the contact angle for water and performing the brush-wear test.
To evaluate the hydrophilicity, the contact angle (degrees) was measured by dispensing a droplet (0.6 µL) of distilled water onto the specimen surface. The contact angle was determined by measuring the angle of the tangent to the surface of the liquid droplet. The image of the droplet was immediately captured. Then, the angle was measured by using a contact angle meter (VCA Optima, AST Products, Billerica, MA, USA). For each specimen, the measurement was repeated twice on different areas of the surface. The mean contact angle was calculated from those results. Measurements were performed for five specimens per group.
To evaluate the durability of the coating on PMMA, the surface wear of the coating due to the brushing stress was examined. Each specimen was subjected to a brushwear test by a brush-wear test device (K236, Tokyo Giken, Tokyo, Japan) equipped with a denture brush (GC) to simulate brush-induced friction. The brush was fixed with a clasp and positioned vertically to the surface of the specimens. The brush was applied at a force of 2.94 N. The gliding speed of the device was set to 150 cycles per 60 s 22) . After 600 cycles of the brush-wear test, the contact angles of the worn specimens were measured following the same protocol described above.
2) Statistical analysis
For the statistical analysis, we first conducted the Shapiro-Wilk test to evaluate the normality of the 2. Experiment 2. Addition of Pt and ND 1) Coating procedure and evaluation of coating layer Pt and ND were added to methanol-based silica coating agents (concentration of SiO 2: concentrations: 0.25, 0.50, 0.75, and 1.0 wt%). Table 1 summarizes the experimental conditions. Five specimens were prepared for each group. After ultrasonic cleaning in distilled water for 10 min, each specimen was treated twice by the silica coating agent with and Pt and ND additives.
During the initial and the second coatings, the specimens were dried in a clean dish at room temperature (23°C) for 24 h to remove any solvent interference. The contact angle was then measured by using the same protocol as that of Experiment 1. To evaluate the improvement in the durability of the coating layer, a 600-cycle brushwear test was conducted followed by measurement of the contact angle.
For statistical analysis, we assigned data according to the SiO 2 concentration in the silica coating agents in order to evaluate the influence of the additives. For each concentration, we conducted the Shapiro-Wilk test to evaluate the normality of the collected data. The contact angles of each experimental group before and after the brush-wear test were then analyzed with either one-way analysis of variance (ANOVA) or the Kruskal-Wallis test followed by multiple comparisons using the above software package at a significance level of α=0.05.
Experiment SEM observation
To evaluate the effect of the coating agents, the surface ultrastructure was observed by using scanning electron microscopy (SEM) (S-4500, Hitachi High-Technologies, Tokyo, Japan) under the following conditions: energy range of 15 kV, secondary electron image, and 500× magnification). An uncoated specimen (n=1), a specimen treated with a methanol-based silica coating agent with 0.5 wt% SiO 2 (n=1), and a specimen treated with a methanol-based silica coating agent with 0.5 wt% SiO2 and Pt and ND additives (n=1) were examined. Before the observation, a thin layer of platinum (approximately 4 nm) was vaporized on the surface by using an ion sputterer (E102, Hitachi, Tokyo, Japan). Figure 1 shows the constituents of the coating agent and procedure.
RESULTS
Experiment 1. Solid content concentration
The recorded data of the Shapiro-Wilk test did not indicate a normal distribution. The contact angle measurements revealed that applying the silica coating agent resulted in a significantly low contact angle (i.e., high hydrophilicity) immediately after coating (Kruskal-Wallis test followed by multiple comparisons, p<0.001, Fig. 2 ). Although statistically insignificant, specimens coated with 0.5 or 0.75% silica coating agents resulted in relatively low contact angles (i.e., high hydrophilicity) after 600 cycles of the brush-wear test.
Experiment 2. Addition of Pt and ND to silica coating agents
The data of the Shapiro-Wilk test indicated a normal distribution for the 0.25, 0.50, and 0.75 wt% silica-coated specimens. For those experimental groups, one-way ANOVA followed by Tukey multiple comparison at each concentration revealed that the Pt and ND additives did not improve hydrophilicity immediately after coating.
On the other hand, after 600 cycles of the brush-wear test, specimens treated with 0.25, 0.50, and 0.75 wt% silica coating agents with Pt and ND additives showed significantly higher hydrophilicity compared to the specimens treated with the same silica coating agents without Pt and ND additives (p<0.05, Table 2 ). The data of the Kruskal-Wallis test revealed that the 1.0 wt% silica coating agents with Pt and ND additives did not show significantly high hydrophilicity ( Table 2 ). Applying the silica coating agent resulted in a significantly low contact angle (i.e., high hydrophilicity) immediately after coating (Kruskal-Wallis test followed by multiple comparison, p<0.001). Specimens coated with 0.5 or 0.75% silica coating agents resulted in relatively low contact angles (i.e., high hydrophilicity) after 600 cycles of the brush-wear test, although they were statistically insignificant. Fig. 3a-1 . After the treatment with the silica coating agent, the scratches was less prominent (Figs. 3b and c) .
After 600 cycles of the brush-wear test, scratches from friction appeared in the uncoated specimens (Fig.  3d ). On the other hand, fewer scratches were observed in specimens coated with the silica coating agents (Figs. 3e and f ). However, the coating layer was observed to peel along the brush-wear track (Fig. 3e ).
DISCUSSION
Although statistically insignificant, the silica coating agents containing 0.5 or 0.75 wt% SiO2 tended to be more hydrophilic compared to the other concentrations. Accordingly, the null hypothesis of the solid content concentration should be rejected. The addition of Pt and ND to the silica coating agents almost always improved the hydrophilicity of the coating layer after the brushwear test. Additionally, the SEM analysis indicated that the Pt and ND additives improved the wear resistance of coating layer. Therefore, the null hypothesis that additives in silica coating agents do not affect the hydrophilicity and durability of the coating layer should also be rejected.
In the present study, we measured the contact angle to evaluate the hydrophilicity of the silica-coated surface. The contact angle is widely used to evaluate hydrophilicity/hydrophobicity. This method has the merit of being able to easily evaluate the hydrophilicity of the coating layer. However, a demerit is the challenge to visualize the actual surface condition of the coating layer. Although ultrastructural analysis with SEM can illustrate the surface morphology of the silica coating layer, the acrylic resin is not durable at high voltages. This means that observations at high magnification are quite difficult. In addition, the particles of substances used for sputtering are almost the same size or much bigger than the nanoparticles in the coating layer. The energy peaks of platinum sputtered for SEM analysis and the carbon of the PMMA were close to those of Pt and C in the coating agent. Accordingly, contact angle measurement was determined to be a reasonable method for these experimental models.
We applied the brush-wear test to assess the durability of the coating layer. We followed the same protocol of the previous study, which assessed the durability of a titanium oxide (TiO 2) coating on PMMA 22) . The loading force of 2.94 N and gliding speed of 150 cycles per 60 s were determined by averaging the loading force and gliding speeds applied by five healthy subjects. Harrison et al. reported that the typical brushing time of complete maxillary dentures is 90 s/ day 23) . They suggested that 600 cycles of brush-wear simulates approximately 3 days of brushing on complete maxillary dentures.
In Experiment 1, the solid content concentrations were determined following the results of a preliminary study. This study indicated that a coating layer created with a 3.0 wt% silica coating agent was unstable. However, silica coating agents with a lower concentration improved the durability of the coating layer. The present study indicated that 0.5 and 0.75 wt% silica coating agents resulted in high hydrophilicity and durability of the coated layer. The solid content concentration affects the durability of the coating layer because of the interaction between dispersion and aggregation/ agglomeration. In this section, the term "aggregation" is defined as the primary congregation of particles, whereas "agglomeration" is the second or third congregation of aggregations. A high concentration of SiO 2 was presumed to cause the agglomeration of particles. This appears in a white region as a foggy object within the transparent cured film of the coating layer. With second or third agglomerations, micro-sized agglomerates can be assumed to form. These clusters tend to peel off easily. After the cluster peels off, the degraded area of the coating layer expands.
The cohesion force, which has been assumed to be due to the van der Waals force, enhances the adhesion of a coating layer to the denture base. On the other hand, an extremely high cohesion force induces failure of the coating layer to form and gelation of the coating agent.
There are two interpretations that support this idea. The first interpretation is the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory: the sum of the repulsive electrostatic force and attractive van der Waals force determines the agglomeration of nanoparticles 24, 25) . When the concentration of SiO2 is high, the distance between particles decreases. As a result, the Van der Waals force exceeds the electric repulsive force, which leads to agglomeration. The second interpretation is a particle surface charge: an electrical double layer surrounds each nanoparticle and turns to zero near the isoelectric point. As a result, the Van der Waals force exceeds an electric repulsive force, and agglomeration occurs. Incidentally, the zeta potential, which represents the size of the electric double layer, determines the stability of the coating layer. A high zeta potential indicates a high propensity of dispersion, whereas a low zeta potential leads to agglomeration 26) . The zeta potential can be controlled by dispersive agents such as Na 2SO4 that are used for colloidal platinum nanoparticles 27) . Consequently, future studies should investigate the appropriate pH and dispersive agent. For these two reasons, the balance between dispersion and aggregation plays an important role in the stability of the coating layer.
In Experiment 2, we investigated the effect of additives (Pt and ND) in silica coating agents. The silica coating agents with additives resulted in high hydrophilicity, as indicated in Table 2 . This was thanks to their hydrophilic property and catalytic ability. The hydrophilic activity of colloidal Pt nanoparticles is thought to be due to their side chain of the substance surrounding Pt particles 27) . Furthermore, both the particle size and shape affect the stability of coating agents 28) . The latter influences the activity of colloidal Pt nanoparticles. The ND used in this experiment were synthesized by detonation and are also known as ultra-dispersed diamond. ND affects the durability of the coating layer thanks to its superior hardness and chemical stability 29, 30) . In addition, their well-dispersed property improves the poor dispersion of former ND synthesized by polymer processing techniques such as chemical vapor deposition synthesis and highpressure and high-temperature synthesis 21, 31, 32) . The high dispersibility may prevent agglomeration. Pt nanoparticles may interact with ND. This synergetic effect can be affected by their ratio. Further studies are needed to determine the appropriate ratio of Pt nanoparticles and ND in order to improve the durability, hydrophilicity, and stability of the coating layer.
In Experiment 3, we assessed the morphology of the silica coating layer by using SEM. The SEM photomicrographs revealed the improved durability of the coating layer. The silica coating layer clearly prevented scratches and cracks created by the brushwear test compared to the uncoated specimens. Furthermore, the silica coating agents containing Pt and ND additives formed a layer that covered scratches created by the polishing procedure (Fig. 3c ). Although the effect was limited, they also helped inhibit peeling ( Figs. 3e and f) .
The durability of the coating layer strongly depends on the hardness of the base material coated by the silica coating agent. Because the acrylic resin for the denture base is not strong enough against friction, the durability of the coating layer can be limited by the hardness of the acrylic resin. Nevertheless, ND can improve the mechanical properties of the silica coating layer. ND also has other desirable aspects such as its low cost and noncytotoxicity 33) . Thus, ND can be a promising additive for silica coating agents.
This study was limited in that we did not investigate the adhesion of C. albicans to theaz silica coating layer. Moreover, the silica coating agents were assessed in vitro. Further in vivo studies are definitely needed to investigate the effect of those coating agents on actual dentures. Additionally, the effect of saliva and denture cleansers should also be studied. A research reported saliva showed positive effect to the inhibition of adhesion of C. albicans 34) . Synergic effect of denture cleansers is unclear, we have to evaluate in following study.
Usability and safety are also big challenges for most coating materials. Most denture wearers may have sarcopenia on some level 35, 36) . This indicates that their loading force can be weaker than that of healthy subjects. Moreover, the 20 mm diameter disks are smaller than complete maxillary dentures. Thus, the brushwear test in this study may have overestimated the load on the coating layer for the assessment. However, the durability of the coating layer in this study may not be sufficiently strong to provide a long-term benefit. To overcome the weakness of the coating layer, we are investigating a new repetitive daily coating procedure. This method also have some possibility to resolve the effect of saliva or denture cleanser.
CONCLUSIONS
Based on this in vitro study, the following conclusions were drawn:
1. The appropriate solid content concentration of silica in a methanol-based silica coating agent is 0.5-0.75 wt%. 2. Adding platinum and diamond nanoparticles to the methanol-based silica coating agent improves the hydrophilicity and durability of the coating layer.
